Diffuse large B-cell lymphoma (DLBCL) is a very infrequent neoplasm in the pediatric age group; therefore there are very few studies on the immunophenotype or genetics of these cases. We studied a series of 16 patients with nodal DLBCL occurring in patients between 10 and 18 years of age. The cases were classified according to the 2008 World Health Organization classification criteria, with application of immunohistochemistry for the detection of CD10, BCL-6, and MUM1 proteins to divide the lymphomas into germinal center and nongerminal center types. In addition, TCL1, BCL-2 expression, and the Ki-67 proliferation index were evaluated by immunohistochemistry, and c-MYC and BCL2 translocations were evaluated by fluorescence in situ hybridization. All these parameters were correlated with clinical features and outcome. Our study revealed that centroblastic morphology and the germinal center type of DLBCL are more prevalent in these young patients (63%), with 37% containing a c-MYC translocation. Only 1 case showed a BCL2 translocation, reflecting a double-hit case with features intermediate between DLBCL and Burkitt lymphoma. We found a higher frequency of BCL-2 expression than previously reported, with no direct influence on the outcome of the disease in univariate or multivariate analysis. The expression of TCL1 has not been specifically studied in nodal pediatric DLBCL before; we found a 31% incidence of TCL1 expression. MUM1 expression was observed in 44% of the cases and these positive cases showed a significant negative impact on clinical outcome. TCL1 is directly and significantly associated with the presence of c-MYC and a high proliferative index. The germinal center and nongerminal center subtypes showed significant differences for both overall survival and disease-free interval. c-MYC translocation was found in 37% of patients, and had a favorable impact on clinical outcome. We conclude that nodal pediatric and adolescent DLBCL are mainly of the germinal center type, with a generally good outcome despite the frequent expression of BCL-2 and the presence of c-MYC translocation. TCL1 expression seems to be associated with a good clinical outcome, whereas MUM1 expression predicts a poor clinical outcome.
M alignant non-Hodgkin lymphomas (NHL) account for about 6 to 8% of pediatric malignancies 31, 37 and diffuse large B-cell lymphoma (DLBCL) comprises about 10% of pediatric and adolescent NHL. 5, 32 It is now recognized that DLBCL represents a heterogeneous group of lymphoid neoplasms without common genetic features. Gene-expression profiling analyses have identified 2 robust and highly reproducible DLBCL subtypes, germinal center cell-like (GC) and activated B-cell-like. 3 Hans et al 13 established an immunohistochemistry algorithm with a strong correlation with the groups identified by gene-expression profiling, combining CD10, BCL-6, and MUM1 expression to recognize 2 groups of DLBCL, germinal center-like B-cell lymphoma (GCB), and non-GCB lymphoma.
There have been only a few studies on the immunophenotype or genetics of pediatric DLBCL. 8, 10, 31, 33 In the larger series of pediatric DLBCL reported, the cases were mainly extranodal disease. It has been shown that 60% to 85% of pediatric DLBCLs have a GCB subtype in comparison to 45% in adult patients. 31, 33 BCL-2 expression is detectable in 28% to 40% of the cases according to different studies. 10, 25, 31 However, breaks in the BCL-2 gene or fusion with IGH by translocation t (14;18) seem to be virtually absent in pediatric DLBCL, 8, 31 and breaks in BCL-6 gene are also very rare. In contrast, translocations involving MYC has been described in 25% to 35% of pediatric DLBCL 8, 25 in contrast to 5% to 10% observed in adults. 2, 24 The transcription factor MUM1 (MUM1/IRF4, multiple myeloma-1/interferon regulatory factor 4 protein) is considered to be a histogenetic marker, expressed in the final step of intra-GC B-cell differentiation and in post-GCB cells. 11, 19, 29 Inside the GC, the expression of MUM1 begins at centrocyte stage and is maintained during post-GC maturation, in contrast to BCL-6 expression, which is observed immediately after the B cell enters the GC and is maintained until GC exit. 9 There are different phenotypic groups of cells in normal lymphoid tissues; the postgerminal phenotype (MUM1 +/BCL-6 -/CD10-) differs from that of most GC cells (MUM1-/BCL-6+/CD10+) and from mantle cells (MUM1-/BCL-6-/CD10-). Unlike normal GCB cells, in which the expression of MUM1 and BCL-6 is mostly mutually exclusive, approximately 50% of MUM1positive DLBCL coexpress BCL-6. 9, 38 c-MYC is a proto-oncogene that functions as a transcription factor, involved in regulating cell proliferation and maturation activated by transcriptional deregulation. c-MYC repression is required for normal plasma cell differentiation. Deregulation of c-MYC prevents B-cell differentiation and has oncogenic activity. 12, 14 Pediatric DLBCL has been reported to have a higher incidence of c-MYC translocation in comparison to adult cases. 10, 14, 25 The proto-oncogene T-cell leukemia 1 (TCL1) is a powerful B-cell oncogene and has been implicated in the pathogenesis of various types of mature B-cell lymphomas. 16 Burkitt lymphoma (BL) is the type with the most consistently high expression of TCL1 protein, a tumor whose normal counterpart is the mostly TCL1-negative germinal cell. 1 Other types of lymphomas, including precursor cell B and T-cell lymphoma, show great variability in TCL1 expression. DLBCL in adult patients has been reported to be TCL1 positive in 18% to 60% of cases, especially in cases of the activated B-cell type. 27, 28 TCL1 has been described in close association with c-MYC translocation in aggressive B-cell lymphomas in adults, being expressed in 86% of c-MYC-translocationpositive cases versus 40% in c-MYC-negative cases in the study of Rodig et al. 34 In B-cell neoplasms, the TCL1 protein expression occurs in the consistent absence of TCL1 chromosomal abnormalities. 15 There is no information about TCL1 expression in pediatric cases.
The largest series of pediatric DLBCL include mainly extranodal cases, without a separate analysis on nodal cases. 20, 31, 33 In adults, nodal and extranodal DLBCL have been considered to represent different neoplasms. 31, 37 In this study, we have evaluated only nodal cases of pediatric and adolescent DLBCL, with the goal of analyzing the immunophenotype, specifically determining germinal versus nongerminal center type, in relationship to the presence of c-MYC translocation, TCL1 expression, and correlation with the clinical course.
MATERIALS AND METHODS

Case Selection and Clinical Data
Sixteen cases of nodal DLBCL from children and adolescent patients between 10 and 18 years old were obtained retrospectively from the files of Consultoria em Patologia, a large reference consultation service in anatomic pathology located in Botucatu, Sao Paulo State, Brazil, between June 2004 and December 2008. All 16 cases had available slides and paraffin blocks for review. Extranodal cases of DLBCL were excluded as they may represent a different disease compared with nodal DLBCL. Clinical data, including sex, age at diagnosis, anatomic location, stage, laboratory tests, treatment, and follow-up, were obtained from the referring hematologists/oncologists. Available hematoxylin-stained and eosin-stained slides of each case were reviewed and representative areas were selected for tissue microarray (TMA). A morphologic subclassification of the cases was performed, considering variants included in 2008 World Health Organization classification. 37 
Treatment
All patients received chemotherapy. The patients were stratified by risk factors (stage and lactate dehydrogenase level). Ten cases received the NHL-Berlin-Frankfurt-Munster-90-based protocol with reduction of the methotrexate dose from 5 mg/m 2 to 2 mg/m 2 in the group with more intensive courses, in patients in stage 4 or with lactate dehydrogenase more than double the normal value. Four patients received CHOP protocol, one case received HyperCVAD and another received ICE protocol. As a second line, one of the patients who received Berlin-Frankfurt-Munster 90 underwent ICE-R, 2 of the patients receiving CHOP received as second line CHOP-R (1) or rituximab (1) . The patient treated with ICE subsequently received rituximab and later underwent autologous stem cell transplantation. Three patients were treated with radiotherapy due to bulky tumor mass ( Table 2 ).
TMA Construction
One TMA block was constructed, using a tissue arrayer (Beecher Instruments, Sun Prairie, WI). Three tumor cores of 0.6 mm that had been taken from the original paraffin blocks represented each individual case. Serial sections of 3 mm were cut from the tissue array blocks and used for the immunohistochemical and fluorescence and nonfluorescence in situ hybridization analysis. Proper positive and negative controls cores for each marker were also included in the array block to provide an assessment of the adequacy of the antibodies used in the immunohistochemical study.
Immunohistochemistry and In situ Hybridization
Immunohistochemical studies were carried out on the TMA using the Novolink polymer (Novocastra, Newcastle Upon Tyne, UK) as the detection system, and an epitope-retrieval method was applied as needed for each specific antibody; diaminobenzidine was the chromogen. The primary antibodies are shown in Table 1 . MUM1 was considered positive when greater than 20% tumor nuclei staining was seen, according to Falini et al. 9 For CD10, BCL-6, BCL-2, and TCL1 a 30% cutoff was used. To evaluate staining at least 10 high-power fields, including tumor, were evaluated. The Ki-67 proliferative index, using the monoclonal antibody MIB1, was assigned a percentage value that was calculated by scoring 500 tumor cell nuclei for the presence of nuclear expression. Sections from the TMA were examined for the expression of the Epstein-Barr viral RNA by in situ hybridization using the Epstein-Barr-encoded-RNA-1 probe, as described earlier. 4 
Fluorescence In situ Hybridization
Fluorescence in situ hybridization (FISH) analysis was performed in each case using a 3-mm thick tissue section of the array block, using probes specific for BCL2 and c-MYC rearrangements, as described earlier. 7, 31 The t(14;18)(q32;q21) translocation was analyzed using a commercial Dual ISI IGH/BCL2 probe (Vysis, Downers Grove, IL). For the detection of breakpoints (splits) in the c-MYC locus, an LSI MYC Dual Color Break-apart Rearrangement probe (Vysis, Abbott AG) was applied. The slides were evaluated using spectrum orange and spectrum green filters (Chroma Technology GmbH, Fuerstenfeldbruck, Germany) on a Zeiss Axio Imager M1 fluorescence microscope (Carl Zeiss AG, Germany) using the assistance of Isis FISH Imaging Software (Metasystems, Altlussheim, Germany). A positive case was defined when the mean number of positive tiles detected was 3 SDs above the mean of a negative control (reactive lymphoid tissue). This threshold established was 15.9% for BCL2 translocation and 2.19% for c-MYC (the mean of the negative control group was 7.8% and 0.73%, respectively).
Statistical Analysis
Overall survival was calculated from the date of diagnosis until death or date of last follow-up. Survival curves were estimated by the Kaplan-Meier method, using the Breslow test to analyze the statistical differences between the groups. Analyses were carried out using EpiInfo 2000. Life tables were produced to adjust life curves and disease-free survival. The Cox proportional hazards model was used to assess which of those markers retained significant prognostic value. Contingency tables were analyzed using Pearson w 2 statistic. Multinomial logistic regression was applied to evaluate all markers at the same time (holistic approach). Group means were compared using analysis of variance technique with Fischer-F statistics. The significance level used in the study was 10% because of the small number of patients. 
RESULTS
The 16 cases studied included 7 girls and 9 boys. The mean age was 14.5 years (range 10 to 18 yr). All cases had a nodal presentation; in 2 cases the lymph nodes were located in the mediastinum, there were 4 cases with both peripheral lymphadenopathy and mediastinal involvement, and 10 cases with superficial and/or retroperitoneal lymphadenopathy. The clinical and laboratory findings are summarized in Table 2 .
Morphologically, 12 cases showed centroblastic features, 1 was immunoblastic, 2 were T-cell histiocyterich B-cell type, and 1 case was considered intermediate between DLBCL and BL, a provisional entity according to the 2008 World Health Organization classification. This case was classified as intermediate between DLBCL and BL as it expressed BCL-2 protein, the proliferation index equal to 80%, lower than expected to be BL and by the presence of BCL2 translocation together with c-MYC by FISH. 36 In all the cases the tumor cells were CD20-positive and CD3-negative. CD10 was positive in 4 cases (24%), BCL-6 was positive in 14 cases (87%), BCL-2 was positive in 10 cases (63%), MUM1 was positive in 7 cases (44%), and TCL1 was positive in 5 cases (31%).
Using the immunophenotypic classification of Hans et al, 13 GCB was defined as all cases expressing CD10 and those cases that were CD10 negative, BCL-6 positive, and MUM1 negative (Figs. 1, 2 ). All cases that were CD10 negative and MUM1 positive irrespective of BCL-6 were considered to be of nongerminal center-like subtype (non-GCB). According to these criteria, we found 10 DLBCLs of GCB (63%) and 6 cases of non-GCB (37%) ( Table 3 ). There was no significant difference in sex distribution and in the mean age between the GCB (13.8 yr) and the non-GCB (14.1 yr) groups of patients (w 2 = 0.830, P = 0.362).
The centroblastic type was the most common morphologic variant found in both groups. MUM1 was coexpressed with CD10 and BCL-6 in only 1 case in the GCB group (10%). All cases of the non-GC-type group expressed MUM1.
The mean Ki-67-proliferation index was 71%, with a range of 30% to 90%. The mean proliferation index was 72% in the GCB and was 65% in the non-GCB, without statistical significant difference. BCL-2 was expressed in 10 cases, 5 of 10 cases of GCB (50%) and 5 of 6 cases of the non-GCB (83%), without significant association. TCL1 expression was observed in 5 cases (31%), including 4 from the GCB and 1 from the non-GCB. FISH analysis showed 6 cases (37%) with a detectable c-MYC translocation, including 5 in the GCB group, and 1 in the non-GCB (Table 3 ). There was a statistical tendency to associate c-MYC with GC but the number of cases was too small to confirm this correlation. One case had an inconclusive result for c-MYC translocation by FISH. It is interesting to note that 1 of the 2 cases of TCRBCL showed c-MYC translocation.
BCL2 translocation was only present in the case of unclassified type of lymphoma with features intermediate between DLBCL and BL. As this case also showed c-MYC translocation, it would be considered a double-hit lymphoma. TCL1-positive cases presented with c-MYC translocation in 80%, resulting in a direct and significant association between TCL1 expression and the presence of c-MYC translocation (2,2813, P = 0.009). The mean proliferation index of these cases was higher in comparison to the TCL1-negative cases (mean values of 85% vs. 61%, respectively) a finding that was also statistically significant (2,3366, P = 0.067). Sixty-six percent of the c-MYC-positive cases presented with TCL1 coexpression. All cases were negative for Epstein-Barr virus (EBV) using in situ hybridization for EBV-Epstein-Barrencoded-RNA (including the TCL1-positive cases).
In respect to the clinical follow-up, all GCB cases were alive, including 9 cases without evidence of disease and only 1 case with persistent disease, with a median follow-up of 26 months. Patients with GCB lymphoma had a significantly better survival rate and longer interval free of disease, as shown in (Figs. 3, 4) . Two patients of the non-GCB cases died of the disease, 1 patient had persistent disease at the last follow-up (he is currently on second-line therapy) and 3 were alive without disease at the last follow-up. One of the patients who died achieved a complete remission with first-line chemotherapy but presented with an early relapse 10 months after finishing the chemotherapy regime. In this patient the second-line protocol including rituximab was introduced without any response. The other non-GCB patient died in the second cycle of a CHOP protocol due to disease progression ( Table 2 ). Although CHOP is not widely used in the treatment of pediatric lymphomas overall, in some parts of Brazil CHOP is used in some cases of DLBCL in older children and adolescents and sometimes in younger patients as well.
When cases were compared by clinical stage, the differences in survival and interval free of disease between stages 1 and 2 versus 3 and 4 did not reach statistically significant levels. For patients with stages 3 and 4, there was no significant difference in outcome between GCB and non-GCB immunophenotype.
In cases with bone marrow involvement there was diffuse infiltration of large cells in solid sheets in the 2 centroblastic-morphologic-type cases and few large lym-phoid neoplastic cells in the case of T-cell-rich B-cell lymphoma variant. All 3 patients with bone marrow involvement belonged to the GCB group, and are alive without any evidence of disease. Two patients had central nervous system involvement, 1 from each phenotypic group; the 1 of GCB-type is alive with disease, whereas the patient with a non-GCB-phenotype is dead.
Among the MUM1-positive cases, 57% were alive without disease, as compared with 89% in the MUM1negative group; the difference in overall survival was significantly better for MUM1-negative cases. In contrast, 100% of TCL1-positive cases were alive without disease as compared with 64% in the TCL1-negative group. The presence of a c-MYC-positive result by FISH showed a favorable impact on survival (Fig. 5 ).
DISCUSSION
DLBCL in the pediatric group is a rare neoplasm and usually has an extranodal presentation. 31 DLBCL constitutes about 10% to 20% of juvenile and pediatric NHL. 7, 14, 23, 33 There are few reports in the literature dealing exclusively with nodal DLBCL in this age group. 31 This is especially true of studies in which the cases of pediatric DLBCL are divided in GCB and non-GCB types. 31 Hans et al 13 showed that the expression of CD10, BCL-6, MUM1, BCL-2, and cyclin D2 are each predictive of survival in DLBCL, and that the results for CD10, BCL-6, and MUM1 can be combined to divide DLBCL into GCB and non-GCB subgroups, with an outcome similar to that predicted by complimentary DNA microarray analysis.
CD10 expression in DLBCL varies from 39% to 100% in different series. 7, 10, 14, 31 We found a lower frequency of CD10 expression with 24% of our cases being positive for this marker. However, it must be kept in mind that in these series, that used the same anti-CD10 antibody, most of the cases were extranodal without enough data to determine the frequency of expression in nodal cases alone. 25, 31 BCL-6 expression was observed in 75% to 90% of cases in the literature. 7, 10, 25, 31 ; in agreement, we detected BCL-6 expression in 87% of our cases.
Our cases showed a higher frequency of BCL-2 (63%) expression than previously reported series, 63% versus 29% to 40%. 7, 10, 14, 25, 31 It has been reported that BCL-2 expression in pediatric patients does not indicate a poor prognosis, 31 in agreement with what we found in our series. It has also been established in adult patients that the adverse outcome associated with BCL-2 expression is observed only in non-GCB lymphomas. 17 In our series all the patients who had BCL-2 expression and died of disease belonged to the non-GCB type.
The GCB type is more prevalent in our nodal pediatric cases than the non-GCB, but the difference is less evident than in the series of mixed nodal and extranodal pediatric DLBCL. 25, 31 Most of the reported cases of DLBCL have a Ki-67 proliferation index greater than 40%. 14, 25, 31 In our cases, the mean values of Ki-67 proliferation index was 71%, with a range of 30% to 90%.
According to the literature, c-MYC translocation has been found in 35% of nodal pediatric DLBCL, a higher frequency than that reported in nodal DLBCL occurring in adult patients (5%). 14, 25 We found 37.5% of our pediatric cases to have a translocation involving c-MYC: without a significant negative impact on outcome. Although our results show a tendency for the association between the presence of c-MYC with GCB, it would be necessary to study a larger number of cases to confirm it.
Cytogenetic studies reporting abnormalities in T-cell histiocyte-rich B-cell lymphoma are rare. 21 To the best of our knowledge, no other similar case of a T-cell/ histocyte-rich B-cell lymphoma with a c-MYC translocation has been reported earlier in pediatric patients.
In adults c-MYC protein expression in DLBCL has been associated with more aggressive disease, but the protein can be induced by mechanisms other than cytogenetically identifiable translocations. 25 In addition, a high proliferation index in DLBL in adults is related to a worse prognosis. 35 It is interesting to note that in a series of pediatric DLBCL in which most of the cases presented with a moderate-to-high proliferation index the cases showed excellent prognosis. 25 Miles et al 25 also found significant differences in survival between the GCB and non-GCB phenotypes of DLBCL, but these differences disappeared after adjustment for risk group.
TCL1-positive lymphomas were initially considered to be related to EBV infection, 18 believing that the virus stimulates TCL1 expression, such as in EBV-positive cases of BL. In our series, there were 5 of 16 cases (31%) of pediatric DLBCL with TCL1 protein expression and all cases were EBV negative. The significance of TCL1 expression should be clarified in a larger series but it has been proposed as a potential therapeutic target based in experimental studies. 1 It has been reported that TCL1-positive cases show a higher proliferation index. 15, 34 In our series, the TCL1-positive cases had a mean proliferation index of 85%, significantly higher than TCL1-negative cases (mean value 61%), although the significance of this difference should be evaluated and confirmed in a larger number of pediatric TCL1-positive DLBCL cases. Similarly, the high frequency of c-MYC translocation in TCL1-positive cases may suggest a more aggressive type of lymphoma, but this was not confirmed, as all of our TCL1-positive cases had a good clinical outcome, in contrast to other studies. 34 DLBCL occurring in pediatric patients usually has a good prognosis, with 90% of patients surviving more than 2 years and 72% surviving more than 5 years. 6, 22, 26, 36 We demonstrated a significantly difference in survival between pediatric DLBCL of GCB and non-GCB types (Kaplan-Meier survival analysis, P<0.05, log rank test).
In conclusion, in our series of pediatric DLBCL the GCB was the most common phenotype and had a better outcome, which was independent of the presence of c-MYC translocation or TCL1 expression. When the expression pattern of BCL-2, TCL1, and MUM1 is combined with the results of c-MYC translocation, the cases seemed to cluster into groups. One group had detectable c-MYC translocation and was mostly TCL1 positive; almost all of these cases belonged to the GCB phenotype and had a good outcome. There was a second group with the worst prognosis, showing expression of MUM1 and BCL-2, corresponding to the non-GCB phenotype. These findings could reflect a spectrum, with 1 group of cases more related to BLs and another more related to adult DLBCL, showing that pediatric DLBCL are not as homogeneous as suggested earlier. 31 BCL-2 expression alone does not correlate with survival, even when only non-GCB cases are considered, in contrast to results reported in adult patients. 30 TCL1 expression in pediatric and adolescent DLBCL may be a good prognostic indicator, however, this finding needs further confirmation.
